Abstract Accretionary orogens are major sites of modern continental growth, yet their role in the development of Archean continental crust remains enigmatic. Diverse granitoid suites from tonalite-trondhjemite-granodiorite (TTG) to potassic granitoids appeared during late Archean, representing a period of major continental formation and stabilization. In this study, whole-rock geochemical and zircon U-Pb and Lu-Hf isotopic data are reported for Neoarchean granitoid gneisses from the Northern Liaoning Terrane, northeastern North China Craton (NCC). Older granitoid gneisses (~2592-2537 Ma) define three magmatic zones migrating from southeast to northwest, each showing a common magmatic evolution from high-pressure TTGs to medium-/low-pressure TTGs and potassic granitoids. They have depleted zircon ƐHf(t) of +0.5 to +8.7. Younger~2529-2503 Ma potassic granitoids and TTGs occur throughout the terrane, which are marked by variable zircon ƐHf(t) of À4.7 to +8.1, and are coeval with regional high-grade metamorphism. Petrogenetic modeling and changing Sr/Y and (La/Yb) N of the granitoids suggest that the crust experienced episodic thickening and thinning and became progressively evolved through development of potassic granitoids and sedimentary successions. The metavolcanic basement to the granitoids display tholeiitic to calc-alkaline affinities, together with the top-to-the-northwest thrusting and associated volcanogenic massive sulfide-type Cu-Zn deposits, suggesting cyclic crustal formation of Northern Liaoning within an accretionary orogen with a SE-dipping subduction polarity. Cyclic crustal thickening and thinning is related to tectonic switching from advancing to retreating relations between the downgoing and overriding plate. After 2530 Ma, this accretionary system accreted to the ancient continental nucleus of NCC (Anshan-Benxi Terrane), signifying final lithosphere stabilization.
Introduction
Accretionary orogens form at sites of convergent plate interaction and have been major sites of continental growth throughout the Neoproterozoic and Phanerozoic (e.g., Central Asian Orogenic Belt, the ArabianNubian Shield, and the circum-Pacific accretionary system) [Cawood et al., 2009] . Granitoid rocks within accretionary orogens form during plate convergence as well as subsequent collision and stabilization of the plate margin, and provide a record of continental crust formation and its subsequent incorporation into the geological archive [Jahn et al., 2000; Kemp et al., 2009; Phillips et al., 2011; Robinson et al., 2014] . The role of accretionary orogens and indeed plate tectonics during the Archean and Hadean is debated [e.g., Cawood et al., 2006; Korenaga, 2013] but is crucial in understanding the evolution of the continental crust as some 70% or more of this crust is estimated to have formed at this time [Foley et al., 2002; Cawood et al., 2013; Santosh et al., 2013; Hawkesworth et al., 2016] .
Sodic tonalite-trondhjemite-granodiorite (TTG) and potassic granitoid gneisses are major components of Archean continental crust and preserve valuable information about Early Precambrian planetary differentiation and continental growth [Martin et al., 2005 Moyen, 2011, Moyen and Martin, 2012; Condie, 2014; Laurent et al., 2014; Halla et al., 2017] . In this paper, we document a record of crustal evolution involving Neoarchean granitoid gneisses from Northern Liaoning Terrane (NLT) of northeastern North China Craton (NCC, Figure 1) . The gneisses display a laterally repeated record evolving from high-pressure TTGs to WANG ET AL.
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Key Points:
• The~2592-2503 Ma episodic high-pressure TTGs to medium-/ low-pressure TTGs and potassic granitoids from North China Craton • Magmatic evolution indicates periodic crustal thickening and thinning, marking crustal formation and stabilization in an accretionary orogen • Contribution of accretionary orogens to late Archean continental growth and stabilization
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Tectonics 10.1002/2017TC004600 2.8 Ga crustal relics [Nutman et al., 2011; Zhai and Santosh, 2011; Wan et al., 2014; Guo et al., 2016] . Based on the temporal and spatial distribution of rock units and their geochemical signatures, Wang et al. [2015] proposed a tectonic setting of a Neoarchean suprasubduction zone developed along the northwestern margin of the Eastern Block (Figure 1b) .
The northeastern portion of the Eastern Block includes the~3.8-2.5 Ga Anshan-Benxi Terrane in the southwest and~2.7-2.5 Ga Southern Jilin and Northern Liaoning terranes in the northeast (Figure 1c ) [Wan et al., 2013; Guo et al., 2016] . The Northern Liaoning Terrane is dominated by~2.6-2.5 Ga biotite-or hornblendebearing tonalitic and trondhjemitic gneisses (Figures 1d and 2a) , with pyroxene-bearing TTG and dioritic gneisses locally developed. Metamorphosed volcano-sedimentary rocks in the terrane consist of (garnet) amphibolites, hornblende plagioclase gneisses (with less hornblende than amphibolites), biotite plagioclase gneisses, and locally hornblende two pyroxene granulites, with interlayered sillimanite biotite gneisses, banded iron formations, and marbles. Volcanogenic massive sulfide (VMS) Cu-Zn deposits are well developed in the Qingyuan-Xiajiabao, Hongtoushan, Baiqizhai, and Jiubing areas (Figure 1d ) [Zhu et al., 2015, and references therein], which could have been formed in an intra-arc or back-arc basin settings [Huston et al., 2010; . Minor mid-ocean ridge basalt (MORB)-type metavolcanic rocks were identified in the Xiaolaihe area of Northern Liaoning Terrane [Wan et al., 2005; Wang et al., 2015] . They may represent relict MORB-type oceanic crust, but no typical ophiolites have been recognized in the study region. Veins of incipient trondhjemitic and tonalitic melts are common in the metavolcanic rocks, associated with garnet-rich residues and migmatites ( Figure 2b ). The TTG gneisses intrude a regional succession of supracrustal rocks and contain metavolcanic xenoliths (Figures 2c and 2d) . Potassic granitoids are locally developed (e.g., Dasuhe, Hongmiaozi, Weiziyu, and Huiyuan) and intrude TTG gneisses and metavolcanic rocks (Figures 1d and 2e) . They are mainly fine-to coarse-grained monzo-/syenogranitic gneisses, with some porphyritic varieties and minor granodiorites (Figure 2f ). Amphibolite and locally granulite facies metamorphism was coeval with the later stages of potassic granitoid intrusions [W. .
Four deformation events have been recognized in the Northern Liaoning Terrane [Shen et al., 1994] . The first episode (D 1 ) is characterized by a regional penetrative foliation (S 1 ), mineral stretching lineation (L 1 ), and small-scale tight isoclinal folds (F 1 ). D 2 is the major deformation event in the study region, forming largerscale asymmetric folds (F 2 ) as well as several ductile shear zones (e.g., in the Qingyuan area). Notably, the D 2 episode defines the regional NE-SW trending structural pattern. The third episode (D 3 ) is marked by large-scale N-S trending open folds (F 3 ) with local development of crenulation cleavage, showing transition from ductile to brittle deformation. The last episode (D 4 ) is mainly brittle in nature, forming dominantly NW trending symmetric broad folds (F 4 ) and normal faults. Our structural analyses across representative supracrustal rock series in the Qingyuan (section a) and Hongtoushan (sections b and c) areas indicate a high-angle SE-dipping foliation (lower hemisphere projection on a Wulff net, Figures 1d and S1a in the supporting information). Locally, the supracrustal succession displays a mylonitic fabric with SE-plunging mineral stretching lineation ( Figure S1b ). These structural features are consistent with the dominant NE-SW trending structural pattern in the study region [Shen et al., 1994] , which when combined with the occurrence of asymmetric folds within the metavolcanic rock sequences, indicating strong ductile shear deformation and top-to-the-northwest thrusting (Figures S1c and S1d).
Sampling and Analytical Methods
Samples of 52 metavolcanic rocks, 69 TTG gneisses, and 35 potassic granitoid gneisses from the Northern Liaoning Terrane were selected for whole-rock major and trace element analyses by X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICPMS). Laser ablation (LA)-ICPMS zircon U-Pb isotopic dating was performed on 27 samples, and results for 14 representative samples are presented in the main text (Figures 3 and 4) . The complete data set is shown in Table 1 and Figure S2 . Zircon Lu-Hf isotopes were determined by LA-Multi-collector (MC)-ICPMS on 25 dated samples. The analytical results along with details of the analytical procedures are listed in Tables S1-S3.
Zircon U-Pb and Lu-Hf Isotopes
Chronology of Metavolcanic Rocks
Metavolcanic rocks contain small, oval to stubby zircon grains. Cathodoluminescence (CL) images reveal a range of internal structures including banded or oscillatory zoning, as well as structureless or fir tree-zoned grains enveloped occasionally by bright rims (Figure 3 ).
Twenty-five spots were analyzed for samples 13LB27-1, 12LN39-3, and W15FS11-4, whereas 14 analyses were undertaken on sample 12LN76-2. Th/U ratios are mostly in the range 0. The mafic volcanic rocks at Hongtoushan and Tangtu areas yield crystallization ages of~2571 Ma and 2530 Ma, both with metamorphic imprints at~2508 Ma [Bai et al., 2014; Zhu et al., 2015] . In summary, basaltic to andesitic rocks of Northern Liaoning Terrane erupted at~2570-2530 Ma or earlier and record metamorphism at~2550 Ma and~2525-2508 Ma.
Chronology of TTG Gneisses
Zircon grains from the tonalitic to trondhjemitic gneisses are stubby to elongate, and most exhibit oscillatory to banded zoning on CL images (Figures 4a-4f ). Some grains have core-rim structures showing: (1) oscillatory zoned cores enveloped by dark rims (e.g., 13LB16-4-03); (2) structureless cores surrounded by bright or dark rims (e.g., 13LB13-1-20); or (3) oscillatory zoned or structureless cores with oscillatory zoned rims (e.g., 13LB47-3-10).
Twenty-five spots were analyzed for samples 13LB16-4, W15FS69-2, 13LB47-3, W15FS45-1, and W15FS31-1, except for 24 analyses for sample 13LB13-1. Th/U ratios range mostly from 0.10 to 1.76, with lower values of 0.02-0.09 for spots 13LB16-4-02/-19, 13LB47-3-03/-06/-09/-13/-23, W15FS45-1-01/-02/-06/-15/-20/-21, and W15FS31-1-08/-09/-14/-20/-22. Six analyses on structureless cores of sample 13LB13-1 (#08, #14, #20, #22, #23, and #24) yield an upper intercept age of 2635 ± 12 Ma (MSWD = 0.094). Eight analyses of oscillatory zoned cores from sample 13LB47-3 (#02, #04, #07, #08, #10, #12, #19, and #22) show 207 The remaining analyses for each of the six dated samples yield concordia ages of 2592 ± 4 Ma (MSWD = 0.017) for sample 13LB16-4, 2585 ± 6 Ma (MSWD = 0.005) for sample 13LB13-1, 2573 ± 4 Ma (MSWD = 0.009) for sample W15FS69-2, 2558 ± 4 Ma (MSWD = 0.021) for sample 13LB47-3, 2541 ± 5 Ma (MSWD = 0.016) for sample W15FS45-1, and 2537 ± 5 Ma (MSWD = 0.001) for sample W15FS31-1 (Figures 4a-4f ). The concordia age of each sample is within error of the upper intercept age from discordia Another nine tonalitic to trondhjemitic gneiss samples yield crystallization ages between 2583 and 2503 Ma, with evidence for metamorphic events at~2522 Ma and~2498-2473 Ma based on zircon structures (Table 1 and Figure S2 ). In summary, the analyzed tonalitic to trondhjemitic gneisses from Northern Liaoning Terrane crystallized between 2592 and 2503 Ma and record metamorphism during~2530-2470 Ma.
Chronology of Potassic Granitoid Gneisses
The long prismatic or stubby to irregular zircon grains from the monzogranitic to syenogranitic gneisses are mostly oscillatory zoned but with minor dark homogeneous grains (Figures 4g-4j ). Some grains contain structureless cores or are surrounded by dark or bright rims.
Twenty-five spots were analyzed for samples 13LB38-3, 13LB55-5, and W15FS05-1 and 30 analyses for sample 12LN80-1. Th/U ratios are mostly 0.10-1.68, with values of 0.01-0.09 for spots 13LB38-3-03/-06/-10/-12, 13LB55-5-03/-05, W15FS05-1-14, and 12LN80-1-03/-30. Spots 13LB38-3-17, W15FS05-1-02, and 12LN80-1-01/-04 yield 207 Pb/ 206 Pb ages of 2627-2562 Ma. They are older than the main age group of each sample, and are interpreted as xenocrystic zircons. Six analyses on dark structureless grains from sample 13LB38-3 (#03, #06, #09, #11, #14, and #16) yield four older ages with a weighted mean age of 2554 ± 23 Ma (MSWD = 0.064) and two ages in the range 2497-2495 Ma. Spots W15FS05-1-06/-14 on dark rims give ages of 2513-2193 Ma. These younger analyses are therefore interpreted to record ages of metamorphic events. The remaining analyses for each sample were conducted on oscillatory zoned grains. Upper intercept ages of 2582 ± 10 Ma (MSWD = 0.76) and 2555 ± 7 Ma (MSWD = 0.13) are defined for samples 13LB38-3 and 13LB55-5, respectively, which are within error of the weighted mean ages of 2580 ± 13 Ma (MSWD = 0.065) and 2554 ± 17 Ma (MSWD = 0.014) for the two samples. Concordia ages of 2546 ± 3 Ma (MSWD = 0.009) and 2515 ± 3 Ma (MSWD = 0.0001) are calculated for samples W15FS05-1 and 12LB80-1, respectively, and they are within error of the weighted mean ages of 2546 ± 10 Ma (MSWD = 0.16) and 2515 ± 9 (MSWD = 0.29) for the two samples.
Four other monzogranitic to granodioritic gneiss samples show crystallization ages between 2550 and 2521 Ma and were metamorphosed during~2515-2495 Ma (Table 1 and Figure S2 ). Therefore, the potassic granitoid gneisses in the Northern Liaoning Terrane were crystallized episodically between 2580 and 2515 Ma (~2580 Ma,~2554-2550 Ma,~2546-2542 Ma, and~2529-2515 Ma), with each magmatic episode (especially the first three episodes) following on from the emplacement of spatially associated TTG gneisses. They record metamorphic events at~2554 Ma,~2515-2495 Ma, and possibly~2193 Ma.
Zircon Lu-Hf Isotopes
Zircon Lu-Hf isotopes of 25 dated samples were calculated at their respective formation ages ( Figure 5 ). Rocks older than 2530 Ma show ƐHf(t) values close to the depleted mantle evolution line: (1) metavolcanic rock a Sample codes are the same to those labeled in Figure 1d and Table S1 . HP, high pressure; MP, medium pressure; LP, low pressure. The prefix "meta" is implicit for the basaltic to andesitic and sedimentary sources. 
Geochemical Characters of the Northern Liaoning Terrane
Metavolcanic rocks are basaltic to andesitic in composition (including data of Peng et al. [2015] ; Figures 6a and 6b and S3). They experienced dominantly amphibolite facies metamorphism, and the prefix "meta" is implicit below. The basalts belong to the tholeiitic series and display nearly flat chondrite-normalized rare earth element (REE) patterns and negative Nb- Ta For the tonalitic-trondhjemitic gneisses (Figures 6c and 6d) , 13 samples are excluded as showing low (<62%) or high (>75%) silica or high MgO (>2.5%) and are not considered as typical TTGs [e.g., Moyen, 2011] ( Figure S4 ). The remaining 56 samples have high Na 2 O (3.39-7.06%) and low K 2 O/Na 2 O (<0.56). On the chondrite-normalized REE plot, they are divided into three chemical groups, i.e., Groups #1, #2, and #3, which show a diversity of fractionated REE patterns with distinct (La/Yb) N , (Gd/Yb) N , Sr/Y, and Eu anomalies (Figures 7a and S4 ). They also display negative Nb-Ta-Ti and positive Zr-Hf anomalies (Figure 7b) (Figures 6c and 6d) . They belong to the high-K calc-alkaline to shoshonite series and have high SiO 2 (63.85-78.48%), K 2 O (2.38-8.31%), and K 2 O/Na 2 O (0.72-3.78). They show variable chondrite-normalized REE patterns and display negative Nb-Ta-Ti and P, positive Zr-Hf, but variable Sr anomalies on the PM-normalized plots ( Figure S5 ).
Discussion
Petrogenesis of Representative Lithologies in Northern Liaoning Terrane
The tholeiitic basalts were likely derived from an oxidized mantle source variably metasomatized by slabderived fluids and subjected to olivine and plagioclase fractionation but without crustal contamination (Figures 6b and S6) . The andesites show chemical features resembling those of high-Mg andesites [Wan et al., 2013 [Wan et al., , 2015 . CC, continental crust.
Tectonics 10.1002/2017TC004600 [Tatsumi, 2006] , which could have been derived from a hydrous mantle source possibly metasomatized by slab-derived fluids and melts, with clinopyroxene fractionation and plagioclase accumulation (see supporting information for details).
TTG gneisses have chemical features resembling those of experimental melts from mafic rocks, suggesting derivation from crustal sources without input of mantle materials or fractional crystallization (see Text S3.2 in supporting information). TTG gneisses of Groups #1 to #3 show different (La/Yb) N of 5.13-88.61 (mostly >12), 9.17-50.21, and 2.34-23.54 and Sr/Y of 43.57-315.07, 33.00-118.17, and 4.75-59.40 ( Figure S4 ). Fractionation of garnet, hornblende, or plagioclase are unlikely to account for the chemical diversity of the three groups (supporting information). Modeling reveals that they could have been derived from partial melting of local tholeiitic basalts at varying pressures ( Figure 7 and Table S4 ): Group #1 from~10-30% melting of (rutile) eclogite (≥15 kbar); Group #2 from~5-30% melting of garnet-rich amphibolite (~12-15 kbar); and Group #3 from~5-30% melting of amphibolite (≤10-12 kbar).
Potassic granitoids are also crustal-derived ( Figure S5 ) and show increasingly fractionated REEs with lower Y but higher Sr/Y and Eu anomalies, increasing A/CNK (molar Al 2 O 3 /(CaO+Na 2 O+K 2 O)) and K 2 O/Na 2 O, and decreasing CaO and CaO + FeO T + MgO + TiO 2 from~2580 to 2515 Ma ( Figure S7 ). They could have been derived from progressively enriched crustal sources at increasingly high pressures:~2580 Ma low-pressure melting of andesites,~2554-2550 Ma low-to moderate-pressure melting of andesites and greywackes, and~2546-2542 Ma high-pressure melting of either andesites or pelites and greywackes [Patiño Douce, 1999] . Post-2530 Ma rocks were derived from moderate-to high-pressure melting of mixed sources of andesites, TTGs, and greywackes.
Formation and Stabilization of Continental Crust in the Northern Liaoning Terrane 6.2.1. Pre-2530 Ma Time-Space Magmatic Migration and Cyclic Crustal Formation
Integration of zircon U-Pb isotopic data documented in this study with previously published results indicates that the basement rocks in the Northern Liaoning Terrane formed between~2.6 and 2.5 Ga (Table 1) . Rocks older than 2530 Ma are divided into three spatially and temporally linked episodes of igneous activity, referred to as zones A-C (Figures 1d and 8a) . These three zones become young from the southeast to [Sun and McDonough, 1989] ; (c) An-Ab-Or plot [Barker, 1979] ; and (d) K 2 O/Na 2 O versus Na 2 O plot. Geochemical data of basaltic rocks from Xinbin-Dasuhe area reported by Peng et al. [2015] are plotted for comparison.
Tectonics 10.1002/2017TC004600 northwest, with each displaying a common pattern of magmatic activity resulting in cyclic crust formation followed by its overall stabilization (Figure 9a ). Recent studies have highlighted that elemental ratios such as (La/Yb) N and Sr/Y are sensitive to Moho depth for crustal-derived felsic rocks in modern magmatic arcs provided they did not experience magma fractionation Chiaradia, 2015] . In this study, we have estimated crustal thickness based on (La/Yb) N ratios of the TTG gneisses, following the method of Profeta et al. [2015] (Figure 8c) . In order to avoid the effect of different source compositions, potassic granitoid gneisses were not used in estimates of crustal thickness (Figure 8c ), due to the variable involvement of evolved crustal components (e.g., TTG gneisses and metasedimentary rocks) in their sources ( Figure S7 ). The TTG gneisses of Northern Liaoning Terrane have SiO 2 and MgO contents ranging at 63.46-74.65% and 0.36-2.28%, respectively (Table S1 ). Though the SiO 2 contents are slightly higher than the proposed filtering parameters (SiO 2 at 55-68% and MgO at <4%), fractional crystallization and the involvement of mantle materials have been precluded for these TTG gneisses (supporting information) . The filtering parameter of Rb/Sr ratio was not used, since granitoid gneisses of Northern Liaoning were subjected to mostly amphibolite and locally granulite facies metamorphism (Figure 2) , with probably significant mobilization of Rb. We recognize that this method was developed for modern arcs, not TTG gneisses, and that there are known discrepancies between Archean and Phanerozoic lithospheric rheology and tectonic behavior [Sizova et al., 2010; Gerya, 2014] . But we also recognize that our results show a consistent evolving temporal pattern in Sr/Y and (La/Yb) N within each of the three zones of igneous activity in the Northern Liaoning Terrane (Figures 8b and 8c) . Thus, although (La/Yb) N ratios in TTGs are not yet calibrated for application to crustal thickness, the consistent spatial and temporal [Moyen and Martin, 2012] , showing assumed sources (average basaltic rocks and end-members A and B) and modeled batch melting curves under different pressures with residual (rutile) eclogite, garnet (Gt)-rich amphibolite, Gt-bearing amphibolite, and amphibolite. Melting fractions of 1%, 5%, 10%, 20%, 30%, and 50% are labeled for each condition (see modeling parameters and results in Table S4 ).
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changes in these ratios within the TTG and potassic granitoid gneisses is in accord with evolving patterns of crustal thickening and thinning across the Northern Liaoning Terrane (Figure 8c ).
Granitoid gneisses of Zone A range from~2592 to 2580 Ma and are developed in the Dasuhe-Xinbin region (Figure 8a ). The oldest plutonic rocks are the~2592 Ma Hongmiaozi trondhjemitic gneisses. Chemical modeling reveals that they were derived from high-pressure melting of basaltic rocks (Group #1) with . In order to avoid the effects of different source compositions, the potassic granitoid gneisses were not applied due to the variable involvement of evolved crustal components (e.g., TTG gneisses and metasedimentary rocks) in the sources ( Figure S7 ).
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eclogitic residues but without inputs of mantle materials, implying formation at the base of a thickened crust (Figure 7) . In contrast,~2585-2580 Ma trondhjemitic (Group #2) and monzogranitic gneisses were generated by moderate to low-pressure melting of basaltic and andesitic rocks. Sr/Y ratios of these granitoids decrease from 143.13 to 11.56 (Figure 8b ). They are compatible with the decreasing (La/Yb) N ratios (28.29-19 .38) of 2592-2583 Ma TTG gneisses, suggesting thinning of regional crust from~72 km to <64 km based on analogies with modern magmatic arcs (Figure 8c ). Moreover, felsic rocks older than 2580 Ma are mostly TTG gneisses with limited potassic granitoids (Figure 1) . They are metaluminous with depleted zircon ƐHf (t), indicating that sedimentary rocks were not involved in the sources of these granitoids ( Figure 5 ). Thus, basaltic to andesitic metavolcanic rocks and TTG gneisses are the major crustal components at this period, with few if any potassic granitoids and sedimentary successions (Figure 9a ).
Zone B granitoid gneisses occur in the Xianjinchang-Hongtoushan-Weiziyu region and range in age from 2573 to 2550 Ma (Figure 8a ). Chemical modeling suggests that~2573 Ma Nanzamu trondhjemitic gneisses formed by partial melting of basaltic rocks at a low pressure (Group #3), whereas~2558 Ma trondhjemitic gneisses at Baiqizhai and Xiajiabao were generated by partial melting of basaltic rocks at much higher pressures (Group #1) (Figure 7 ). Monzogranitic to syenogranitic gneisses emplaced at~2554-2550 Ma around Weiziyu were produced by moderate pressure melting of andesites with some greywackes ( Figure S7 ). Sr/Y ratios of the Zone B granitoids evolve from 4.75, through 98. 01-164.31, to 80.61-93.85 (Figure 8b ). This implies that the crust could have been thickened (> 70 km) during~2573-2558 Ma and then thinned to~56 km at 2553 Ma, as calculated from the changing (La/Yb) N ratios from 2.34, through 12.19-72.29, to 13.76 (Figure 8c ). Greywackes are modeled in the sources of granitoid magmatism, and biotite plagioclase leptynite and biotite gneisses occur interlayered with metavolcanic rocks [Zhu et al., 2015] . Thus, there is evidence for the inclusion of juvenile sedimentary successions in the crustal profile between~2573 and 2550 Ma (Figure 9a ). The migration of pre-2530 Ma granitoid magmatism from southeast to northwest is ascribed to episodic crustal (b1) thickening and (b2) thinning that was triggered by cyclic orogenic shortening followed by slab rollback and extension of the overriding plate in an accretionary orogen. During these processes, the crust became progressively more evolved as evidenced by (a1-a6) the increasing involvement of potassic granitoids and sedimentary rocks. (a7) Post-2530 Ma circum-terrane granitoid magmatism and high-grade metamorphism indicate final continental crust stabilization, which are attributed to the lateral accretion of the Northern Liaoning Terrane to the northern continental margin of the Eastern Block represented by the Anshan-Benxi Terrane (b3). MV, basaltic to andesitic metavolcanic rocks; M, mantle; PG, potassic granitoid gneisses.
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The third granitoid episode, corresponding with Zone C, occurred at~2554-2537 Ma and is located around Fushun (Figure 8a ). Chemical modeling indicates that~2554 Ma tonalitic gneisses (Group #1) were produced by high-pressure melting of regional basaltic rocks, whereas~2553-2537 Ma tonalitic to trondhjemitic gneisses (Group #2) formed by partial melting of basaltic rocks at moderate pressures ( Figure 7) . As calculated from the decreasing (La/Yb) N of the Zone C TTG gneisses (from 29.08 to 10.94-15.97), regional crustal thickness decreased from~72 km to~55 km (51-59 km), which is further supported by decreasing Sr/Y from 89.96 to 53.14 (Figures 8b and 8c) . Potassic granitoid gneisses with ages of~2546-2542 Ma occur from Huiyuan to Shiwen and were derived from mixed sources of andesitic rocks, greywackes, and pelitic rocks at high melting pressures ( Figure S7 ). This implies that voluminous sedimentary rocks may have been recycled to the middle to lower crust, and the crust became more evolved with considerable potassic granitoids and mature sedimentary materials (Figure 9a ).
Post-2530 Ma Stabilization of Continental Crust
Granitoid gneisses, including monzogranitic and coeval TTG gneisses (Figure 8a ), ranging in age from~2529 to 2503 Ma, are dispersed throughout the Northern Liaoning Terrane and thus show a much broader distribution than each episode of the older gneisses. These granitoids have variable zircon ƐHf(t) values ( Figure 5 ). Trondhjemitic gneisses 12LN16-1, 13LB26-5, and 13LB46-5 have depleted zircon ƐHf(t) (+2.3 to +8.1) and were derived from moderate to high-pressure melting of basaltic rocks. Tonalitic gneisses 12LN27-1 and 13LB12-3 show variable zircon ƐHf(t) (À1.3 to +4.7), which were generated by low-pressure melting of basaltic rocks. Monzogranitic gneisses 12LN01-1, 12LN59-1, and 12LN80-1 were derived from mixed sources of andesitic rocks, TTGs, and greywackes at moderate to high pressures, showing highly variable zircon ƐHf(t) of À4.7 to +6.9. These data indicate that a range of crustal materials at distinct crustal levels were subjected to anatexis. The increasing ) and (La/Yb) N (5.13-22.82) of the post-2530 Ma granitoids suggest that the crust was thickened (~35 km to~67 km) (Figures 8b and 8c) . This corresponds with regional high-grade metamorphism between~2530 and 2470 Ma [W. , suggesting that the continental crust in the region was finally stabilized (Figure 9a ). The widespread emplacement of late Neoarchean potassic granitoid gneisses is consistent with the tectonic models for the Eastern Block of the North China Craton that was stabilized by the end of the Archean [Liu et al., 2006; Kusky, 2011; Wan et al., 2012; Zhao et al., 2012; Kusky et al., 2016] .
6.3. Tectonic Mechanisms of Cyclic Continental Crust Formation 6.3.1. Episodic TTG and Potassic Granitoid Magmatism TTG and potassic granitoid gneisses in the Northern Liaoning Terrane show a linked spatial, temporal, and compositional distribution (Figures 8 and 9 ). The site of generation of pre-2530 Ma rocks migrated northwesterly with time, defining three zones (A to C) at~2592-2580 Ma,~2573-2550 Ma, and~2554-2537 Ma. Each zone is dominated by a common litho-tectonic association of early metavolcanic rocks and TTG gneisses succeeded by potassic granitoids. Whereas the TTG gneisses were derived from basaltic rocks, the potassic granitoids display a complex source with variable input from andesitic rocks, TTGs, and juvenile sedimentary rocks (Figures 7 and S7) . Furthermore, the TTG and potassic granitoids formed at diverse pressures/crustal levels, with each zone showing magmatic evolution from early high-pressure to late medium-to lowpressure rocks. Episodic variations of Sr/Y and (La/Yb) N for the granitoids imply a common pattern in each zone of crustal thickening followed by extension (Figures 8b and 8c) .
Late Neoarchean Accretionary Orogen and Continental Growth
The granitoid gneisses in the Northern Liaoning Terrane intrude regional metavolcanic rocks (Figure 2) . These tholeiitic to calc-alkaline basalts and andesites record slab-mantle wedge interactions, suggesting a suprasubduction zone setting ( Figure S6 ) [Manikyamba et al., 2015] . Widespread occurrence of VMS-type Cu-Zn deposits are also hallmarks of accretionary orogens (Figure 1d ) [Huston et al., 2010] . All these features are reminiscent of Neoproterozoic to Phanerozoic accretionary orogens [Cawood et al., 2009] . Episodic crustal thickening and thinning in an accretionary system provides a mechanism to explain the emplacement of granitoids and thus formation and stabilization of continental crust (Figure 9b ) [Cawood, 2005] .
The early high-pressure TTGs within each of the three zones formed by crustal anatexis with residual eclogite, indicating tectonically thickened crust, possibly in the range of 60-70 km based on application of (La/Yb) N from modern arcs as a proxy for crustal thickness (Figure 8c ). Regional consideration suggests that the >2.7 Ga Anshan-Benxi-Tonghua-Helong complexes lie to the south and east of the Northern Liaoning Terrane (Figure 1c) . Together with the northwestward migration of granitoid magmatism across Tectonics 10.1002/2017TC004600 the terrane (Figure 8) , and structural data for top-to-the-northwest thrusting (Figures 1d and S1 ), it is suggested that a SE-dipping subduction resulted in coupling with, and crustal thickening of, the terrane in an upper plate configuration (advancing accretionary orogen) (Figure 9b ) [Cawood et al., 2009; Kemp et al., 2009; Wang et al., 2015] .
Within each magmatic zone of Northern Liaoning Terrane, the late medium-/low-pressure TTGs and potassic granitoids overlap with or are located to the northwest of the early high-pressure TTGs (Figure 8a ) and formed during transition from crustal thickening to thinning (crustal thickness of~20-50 km). These changes can be attributed to slab rollback and extension of the overriding plate (Figure 9b , retreating accretionary orogen) [Cawood et al., 2009] . The inferred slab rollback processes are further supported by the development of extensional basins, forming some volcanogenic massive sulfide (VMS-type) Cu-Zn deposits with interlayered metasedimentary rocks (Figure 1d ) [Zhu et al., 2015] . Some basaltic rocks with limited subduction imprints were chiefly derived from the upwelling asthenospheric mantle, implying intense crustal extension triggered possibly by slab rollback (Figure 6b ). Asthenosphere upwelling during crustal extension triggered high thermal gradients, leading to both high-grade metamorphism and anatexis of metavolcanic rocks and metasedimentary rocks sourced from juvenile arc materials. Any metamorphic imprints during these early orogenic cycles (2592-2537 Ma) are difficult to recognize, perhaps due to pervasive post-2530 Ma tectono-thermal events, except for rare~2580 Ma metamorphic ages at Weiziyu and Southern Jilin Terrane (possible boundary between the~2.6-2.5 Ga accretionary system and~2.7 Ga continental margin) and 2550 Ma metamorphic ages at the boundary between Zone A and Zone B (Figures 1, 3a , and 4g) .
Temporal and spatial migration in magmatic activity, regional NE-SW structural pattern, and the top-to-thenorthwest thrusting (Figures 1d and S1 ) are consistent with a process of episodic orogenic shortening followed by slab rollback and extension of the overriding plate, resulting in the migration in the site of arc magmatism to the north and west across the Northern Liaoning Terrane. Periods of lithospheric contraction resulted in thrusting leading to crustal thickening and uplift (Figure 9b ). This resulted in erosion and recycling of sedimentary materials, leading to a gradually evolved and thickened crust system, as further supported by the increasing melting pressures of potassic granitoids and the involvement of sedimentary materials in the source (Figures 8b and S7) . Notably, there are some temporal or spatial overlaps among different magmatic zones (Figure 8 ). These have been also observed in the Phanerozoic accretionary orogenic system, e.g., Terra Australis Orogen in Eastern Australia [Collins and Richards, 2008; Cawood et al., 2009] .
Although the Northern Liaoning Terrane adjoins the~3.8-2.9 Ga Anshan-Benxi and~2.7 Ga Southern Jilin terranes (Figure 1 ), ancient crustal materials do not appear to have been involved in the pre-2530 Ma rocks ( Figure 5 ), implying significant crustal growth in an off-craton accretionary system [W. Wang et al., 2015 . After prolonged lateral accretion, post-2530 Ma circum-terrane granitoid magmatism with variable zircon ƐHf(t) occurred coevally with high-grade metamorphism and resemble the~2.5 Ga syenogranites at Anshan-Benxi terrane [Wan et al., 2015] . Thus, the Northern Liaoning Terrane likely accreted onto the northern continental margin of NCC after~2530 Ma, marking final stabilization of the regional continental crust (Figure 9b ). Similarly, a late Neoarchean intra-oceanic arc system was proposed for the region southwest of Northern Liaoning Terrane (Western Liaoning, Zunhua-Qinglong Block of Eastern Hebei, and Wutai Complex), which accreted onto the >2.7 Ga continental nucleus of Eastern Block at the end of the Archean [Liu et al., 2006; W. Wang et al., , 2015 W. Wang et al., , 2017 Guo et al., 2013] .
Temporal Trends in Archean Granitoids, Accretionary Orogens, and Supercontinents
Granitoid gneisses are major components of Archean terranes and display complex chemical features, especially those of TTGs [Hoffmann et al., 2011; Moyen, 2011] . In this study, we recompiled Moyen's data on TTGs, and suggest that low-to medium-pressure TTGs occurred (semi-)continuously since~3.8 Ga, whereas high-pressure TTGs only appear continuously in the rock archive after~3.1 Ga (Figure 10 ). Potassic granitoids of the sanukitoid series along with crustal-derived granodiorites and monzogranites were produced within most cratons since~3.0 Ga [Laurent et al., 2014] . Notably, the late Archean granitoids are distinct from felsic rocks formed in stagnant-lid/plume settings, with the latter showing less fractionated REE patterns [Debaille et al., 2013; Reimink et al., 2014] . Rather, they resemble the episodic granitoids of Northern Liaoning Terrane, and are therefore interpreted to form in an accretionary orogen with high-pressure TTGs formed during orogenic thickening, whereas medium-/low-pressure TTGs and potassic granitoids generated during crustal extension due to slab rollback (Figure 9b ). Recent metamorphic, geochemical, and thermal modeling studies endorse the onset of plate tectonics and associated accretionary orogens by 3.2-3.0 Ga [Cawood et al., 2006; Brown, 2014; Gerya, 2014; Hawkesworth et al., 2016] . Collectively, the diversification of granitoids started globally at~3.0 Ga, recording vigorous crust-mantle interactions possibly within a mobile-lid Earth system [Halla et al., 2017] .
With intense late Archean lateral accretion, global continental crust was emplaced by increasingly more and diversified granitoids, which became thickened and increasingly felsic and potassic [Dhuime et al., 2015; Tang et al., 2016] . These processes yielded a more Phanerozoic-like continental crust that is conducive to largescale lateral accretion, which could finally lead to the assembly of late Archean supercontinents [Bleeker, 2003; Condie and Kröner, 2013] . Examples include the Eastern Block of NCC, India, Tarim, South Australia, East Antarctica, and Rae/Sask cratons (Canada), which mutually record~2.6-2.5 Ga lateral accretion processes and were stabilized by the end of the Archean [W. .
Conclusions
1. Granitoid gneisses of Northern Liaoning Terrane formed at~2592-2503 Ma and show linked temporal, spatial, and compositional evolution. Between~2592 and 2537 Ma magmatic activities migrated from southeast to northwest across the terrane, defining three zones with each showing a common evolution from high-pressure TTGs to medium-/low-pressure TTGs and potassic granitoids. Between~2529 and 2503 Ma potassic granitoids and TTG gneisses were emplaced throughout the terrane. While TTG gneisses were derived from partial melting of tholeiitic basaltic rocks at high, moderate, and low pressures, the potassic granitoid gneisses were sourced from evolved crustal sources involving different proportions of metamorphosed andesitic and sedimentary rocks, and TTG gneisses. 2. The Northern Liaoning Terrane witnessed episodic late Neoarchean crustal thickening and extension, and the early crust, consisting dominantly of metavolcanic rocks and TTG gneisses, displays increasing involvement of sedimentary rocks and potassic granitoids. Post-2530 Ma circum-terrane granitoid magmatism and high-grade metamorphism signify final crustal stabilization, forming highly evolved continental crust with large volumes of potassic granitoids, sedimentary rocks, and ancient crustal materials. 3. The cyclic record of crust formation, development, and final stabilization in the Northern Liaoning Terrane evolved in an Archean accretionary orogen with a SE-dipping subduction polarity, which underwent cyclic orogenic thickening followed by slab rollback and extension of the overriding plate. This accretionary Figure 10 . Distribution of globally different types of TTG gneisses over time [Moyen, 2011] . While low-to medium-pressure TTGs occurred (semi)continuously since~3.8 Ga, continuous high-pressure TTGs appeared only after~3.1 Ga. This indicates global granitoid diversification after~3.0 Ga, i.e., both high-/medium-/low-pressure TTG and sanukitoids and granodioriticmonzogranitic gneisses [Laurent et al., 2014] , possibly reflecting late Archean onset of accretionary orogeny globally [Cawood et al., 2009] .
Tectonics 10.1002/2017TC004600 system records~2.6-2.5 Ga lateral crustal growth and was accreted to the northern continental margin of Eastern Block of the North China Craton after~2530 Ma. 4. Accretionary orogens could have contributed significantly to late Archean continental formation and stabilization, resulting in both the diversification of granitoid magmatism and supercontinent assembly by the end of the Archean.
